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Fibronectin Regulates Epithelial Organization
during Myocardial Migration in Zebrafish
and cell transplantation analyses in mouse and zebrafish
indicate that wild-type endoderm can rescue the myo-
cardial migration defects in a subclass of cardia bifida
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and Human Genetics mutants (Narita et al., 1997; David and Rosa, 2001).
Though these studies point to an essential role for theUniversity of California, San Francisco
San Francisco, California 94143 endoderm in myocardial migration, it is unclear whether
it is providing a substrate or signal for migration.
In chick embryos, one substrate at the interface be-
tween the endoderm and mesoderm implicated in myo-Summary
cardial migration is Fibronectin (Fn). Fn, a major constit-
uent of the extracellular matrix (ECM), mediates a wideSeveral genes have been implicated in heart tube for-
mation, yet we know little about underlying cellular range of cellular processes through its interaction with
the Integrin receptor family to promote cell-substratummechanisms. We analyzed the cellular architecture of
the migrating myocardial precursors, and find that adhesion and spreading, cell migration, cell cycle pro-
gression, and cytoskeletal organization (reviewed bythey form coherent epithelia that mature as they move
medially. Mutant analyses indicate that the cardia bi- Hynes, 1992; Sechler and Schwarzbauer, 1998; Danen
and Yamada, 2001). It has been further reported that infida locus natter (nat) is required for the integrity of
the myocardial epithelia. We positionally cloned nat chick embryos Fn is deposited in an anterior-to-poste-
rior gradient between the endoderm and mesoderm dur-and show that it encodes Fibronectin. During myocar-
dial migration, Fibronectin is deposited at the midline ing myocardial migration (Linask and Lash, 1986). Addi-
tionally, treatment of chick embryos with an antibodybetween the endoderm and endocardial precursors,
and laterally around the myocardial precursors. Fur- against Fn arrests heart tube formation (Linask and
Lash, 1988). From these observations, it has been pro-ther analyses show that Fibronectin deposition at
the midline is required for the timely migration of myo- posed that a gradient of Fn provides the directional
cue for myocardial migration (Linask and Lash, 1988).cardial precursors, but dispensable for the migration
process itself. In the complete absence of Fibronectin, However, other studies have been unable to replicate
these observations, and reported either a uniform oradherens junctions between myocardial precursors
do not form properly, suggesting that cell-substratum anteriorly localized distribution of Fn in the heart-form-
ing region of chick embryos (Drake et al., 1990; Wiens,interactions are required for epithelial organization.
These data suggest that myocardial migration is de- 1996). Therefore, while it is clear that in chick embryos
Fn is deposited at the interface between the endodermpendent on epithelial integrity.
and mesoderm, its precise distribution and the mecha-
nisms by which Fn might regulate myocardial migrationIntroduction
remain to be defined.
Fn also appears to be required for myocardial migra-In all vertebrates, the heart tube, which consists of a
myocardial and an endocardial layer, develops from bi- tion in mice. Mouse embryos deficient for Fn die around
E8.0–8.5 with defects in the neural tube, vasculature,lateral populations of cells in the anterior lateral plate
mesoderm (LPM) (reviewed by McFadden and Olson, notochord, somites, and heart (George et al., 1993).
Analyses of the heart defect in the Fn null embryos2002). During somitogenesis, the myocardial precursors
appear to move coordinately toward the midline in con- indicate that myocardial specification occurs normally
but that myocardial migration is defective (George etcert with the anterior LPM, and fuse to form the outer,
muscular layer of the heart tube. Large-scale genetic al., 1997). Thus, while these studies clearly show a re-
quirement for Fn in myocardial migration, the cellularscreens in zebrafish have identified mutations in eight
loci that disrupt this process, resulting in the formation basis of this requirement is unclear.
of two separate hearts, a phenotype referred to as cardia Although multiple mouse and zebrafish loci regulate
bifida (Chen et al., 1996; Stainier et al., 1996; Alexander myocardial migration, we know little about the cellular
et al., 1998). Analyses of these mutants have led to mechanisms of this process. Myocardial migration has
the identification of several requirements for myocardial been described to proceed in an organized fashion, but
migration. First, myocardial differentiation appears to it is unclear whether the myocardial precursors move
be critical for migration as mutants with defective myo- as a coherent population or as individual cells that are
cardial differentiation exhibit migration defects (Reiter et responding to environmental cues. Studies in chick em-
al., 1999, 2001; Yelon et al., 2000). Second, an interplay bryos suggest that the migrating myocardial precursors
between the myocardial precursors and the endoderm form epithelial sheets as cell junctional proteins such
is thought to be essential for heart tube formation, as as N-cadherin and catenins show focal localization in the
mutants that lack the anterior endoderm display cardia mesodermal cells of the heart-forming region (Linask,
bifida (Schier et al., 1997; Alexander et al., 1999; Reiter 1992; Linask et al., 1997). However, it remains to be
et al., 1999; Kikuchi et al., 2000). Additionally, chimera determined whether epithelial organization is required
for myocardial migration.
We have examined the cellular architecture of the*Correspondence: didier_stanier@biochem.ucsf.edu
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myocardial precursors in zebrafish by confocal micros- As migration proceeds, cell junctional proteins show
an increased asymmetric localization in the myocardialcopy and found that they form polarized epithelia, indi-
cating that they migrate as a coherent population. To precursors. At the 18-somite stage, the posterior myo-
cardial precursors have reached the midline, resultingbetter understand the morphogenesis of these epithelia,
we have focused on the cardia bifida locus natter (nat) in a V-shaped pattern of cmlc2 expression (Figure 1E)
(Yelon et al., 1999). In transverse sections, more GFPand show that it encodes Fn. During the stages of myo-
cardial migration, Fn is deposited around the bilateral positive cells are seen on the dorsomedial aspect of the
LPM tubules (Figures 1F and 1G). Thus, it appears that atpopulations of myocardial precursors as well as at the
midline between the endocardial precursors and the the 18-somite stage the myocardial precursors occupy
more of the LPM tubules. Interestingly, -catenin local-overlying endoderm. Analyses in mutant embryos lack-
ing endocardial precursors indicate that Fn deposition ization transitions from the cortical localization seen
at the 16-somite stage to become asymmetric and re-at the midline is required for the proper temporal regula-
tion of myocardial migration but is dispensable for the stricted to the basolateral domains of the myocardial
precursors (Figure 1G). In contrast, aPKCs appear to bemigration process. We further show that Fn deposition
is required for proper adherens junction formation, indi- localized to the apicolateral domains of the myocardial
precursors (Figure 1G).cating that cell-substratum interactions are essential for
maintaining epithelial integrity in the migrating myocar- At the end of myocardial migration, the restricted lo-
calization of -catenin and aPKCs is more prominent,dial precursors.
and differences in cell shape can be observed between
medial and lateral myocardial precursors. At the 20-somiteResults
stage, the myocardial precursors have fused to form
the cardiac cone (Figure 1H) (Stainier et al., 1993; YelonMyocardial Precursors Form Polarized Epithelia
et al., 1999). In transverse sections through the middleduring Their Migration to the Midline
of the cardiac cone, the myocardial epithelia have under-To gain a better understanding of the cellular basis of
gone further maturation. The medial cells appear colum-myocardial migration, we used a transgenic line that
nar in shape with prominent localization of aPKCs touses the cardiac myosin light chain2 (cmlc2) promoter to
the apicolateral domain, while the lateral cells havedrive green fluorescent protein (GFP) in the myocardial
remained cuboidal (Figures 1I and 1J). -catenin re-precursors (Huang et al., 2003) in conjunction with vari-
mains excluded from the apical domain and localizedous antibodies. Cell boundaries were visualized with an
to the basolateral domain. The asymmetric localizationantibody to -catenin which localizes to the cortex of
of aPKCs and -catenin suggests that during the stagesall cells in the zebrafish embryo (Topczewska et al.,
of migration to the midline, the myocardial precursors2001). In addition to labeling the cortex, -catenin anti-
form maturing polarized epithelia and migrate as coher-bodies have also been reported to mark adherens junc-
ent populations.tions (Cox et al., 1996), as well as basolateral domains
In addition to observing polarized distribution of junc-in polarized epithelia (Piepenhagen and Nelson, 1995).
tional components in the myocardial precursors, we alsoCell junctions were visualized with an antibody that rec-
observed in the medial-most myocardial precursorsognizes atypical protein kinase C  and  (aPKCs). Al-
changes in cell morphology that suggest these may bethough aPKCs typically localize to tight junctions in adult
leading edge cells. In some transverse sections, theepithelia, they localize to adherens junctions in embry-
medial-most cells of the migrating bilateral epitheliaonic tissues (Horne-Badovinac et al., 2001; Manabe et
appear to lose their cuboidal shape and form cellularal., 2002).
extensions toward the midline (Figures 1K and 1L). ThisWe found that the myocardial precursors form polar-
change in cell morphology and cellular extensions sug-ized epithelia with distinct localization of junctional pro-
gest that the myocardial epithelia are undergoing activeteins during the stages of myocardial migration. At the
directional migration.16-somite stage, cmlc2 expression shows that the myo-
cardial precursors are bilateral (Figure 1B) (Yelon et al.,
1999). In transverse sections of cmlc2::GFP transgenic Morphogenetic and Myocardial Cell Adhesion
Defects in nat Mutantsembryos, the myocardial precursors, labeled by GFP,
appear as cuboidal cells outlined by cortical -catenin To better understand the morphogenesis of the myocar-
dial epithelia, we focused on the nat mutation because(Figures 1C and 1D). The anterior LPM has been de-
scribed to form bilateral tubular primordia (Stainier et al., it appeared to have defects in myocardial migration, as
well as myocardial cell adhesion. The nat locus was1993). It appears that the myocardial precursors occupy
predominantly the ventral side of the LPM tubules, with identified in a large-scale screen in Tu¨bingen as a muta-
tion leading to a flattened hindbrain as well as a partiallya few cells positioned dorsally in the medial domain.
aPKCs appear to be restricted to the ventricular surface penetrant cardia bifida phenotype (Figure 2B) (Chen et
al., 1996; Jiang et al., 1996). Mutations affecting myocar-of the neural tube and the myocardial precursors (Figure
1D). In these latter cells, aPKCs are localized along the dial differentiation can cause cardia bifida (Reiter et al.,
1999; Yelon et al., 2000), and thus we wanted to assessapical side in a variable, punctate pattern and enriched
at points of cell-cell contacts (Figures 1C and 1D). This myocardial differentiation in nat mutants. Based on the
expression of cmlc2, myocardial differentiation appearsenrichment of aPKCs at points of cell-cell contacts sug-
gests that the myocardial precursors are forming imma- unaffected in nat mutants. By 24 hours postfertilization
(hpf) in wild-type embryos, the two populations of myo-ture epithelia at the start of myocardial migration to
the midline. cardial precursors have fused at the midline to form a
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Figure 1. Myocardial Precursors Form Polarized Epithelia during Their Migration to the Midline
(A) Diagrams representing transverse sections of myocardial precursors (dark blue cells) within the LPM tubules (dotted line), endocardial
precursors (light blue cells), the overlying endoderm (yellow cells), and the underlying YSL (dashed line), as well as the subcellular localization
of cell junctional proteins, -catenin (red), and aPKCs (green) in the myocardial precursors at the 16-, 18-, and 20-somite stages (17, 18, and
19 hpf).
(B, E, and H) cmlc2 expression; dorsal views, anterior to the top. Dashed lines indicate the level of the transverse sections in (C), (F), and (I).
(C, D, F, G, I, J, K, and L) Transverse confocal images of cmlc2::GFP (false colored blue) transgenic embryos immunostained with antibodies
against -catenin (red) and aPKCs (green); dorsal to the top. (K) and (L) were immunostained with antibody against -catenin (red) only. Scale
bars, 20 m. (D, G, J, L) Magnified view of lower right corner of (C), (F), (I), and (K). (B, C, and D) At the 16-somite stage, the myocardial
precursors are bilateral cuboidal cells that line the ventral side of the embryo, and are outlined by cortical -catenin. aPKCs are localized
along the apical side of the myocardial precursors and enriched at points of cell-cell contacts. (E, F, G) At the 18-somite stage, the posterior
myocardial precursors have reached the midline (E), and more GFP positive cells are seen in the medial domain of the myocardium (F and
G). (G) -catenin is localized to the basolateral membranes and aPKCs to the apicolateral membranes of the migrating myocardial precursors.
(H) At the 20-somite stage, the myocardial precursors have fused to form the cardiac cone. (I and J) In transverse sections through the middle
of the cardiac cone, the medial cells appear columnar in shape, while the lateral cells have remained cuboidal. aPKCs staining is more
prominent in the medial cells and restricted to the apicolateral membranes, while -catenin localizes to the basolateral membranes. (K and
L) Transverse section at the 18-somite stage: the medial-most cells of the bilateral epithelia appear to lose their cuboidal shape and form
cellular extensions toward the midline. (L) Magnified image of (K) shows that the medial-most myocardial cell from the right LPM appears to
form a cellular extension toward the midline (arrowhead).
single heart tube (Figure 2C). In nat mutants, the myocar- These cardiac morphogenetic defects led us to ana-
lyze the morphogenesis of the entire LPM in nat mutants.dial precursors remain as two separate populations at
variable distance from the midline (Figures 2D and 2E). During the stages of myocardial migration, the LPM un-
dergoes a mediolateral expansion as visualized by theAdditionally, individual myocardial precursors are seen
separate from the main bifid populations in the mutants two broadening stripes of dhand expression (Figure 2F)
(Yelon et al., 2000). In nat mutants, the mediolateral(Figures 2D and 2E). The separation of cmlc2 positive
cells was first observed in mutants at 22 hpf (data not expansion of the anterior LPM fails to occur and this
tissue remains narrow and compact and frequently ap-shown). By this stage, the myocardial precursors have
formed polarized epithelia with distinct adherens junc- pears dysmorphic (Figures 2G and 2H). Similar observa-
tions were made when we examined gata4, gata5, andtions in wild-type embryos (Figure 1). The presence of
individual cmlc2 positive cells in nat mutants suggests hrt expression (data not shown) (Yelon et al., 2000; Reiter
et al., 1999; Griffin et al., 2000). In contrast, the posteriorthat the myocardial precursors may have defects in cell-
cell adhesion. LPM appears unaffected (data not shown). These results
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Figure 2. Morphogenetic and Myocardial Cell Adhesion Defects in nat Mutants
(A, C, F, and I) Wild-type and (B, D, E, G, H, J, and K) nat mutants.
(A and B) Lateral views of brightfield images at 32 hpf, anterior to the left. (B) nat mutants display pericardial edema (arrowhead) and a
flattened hindbrain (white arrow).
(C–K) Dorsal views of in situ hybridization images, anterior to the top. (C–E) cmlc2 expression at 24 hpf. (C) Wild-type embryos have formed
a single heart tube. (D and E) nat mutants have two main populations of myocardial precursors at variable distance from the midline. Additionally,
individual myocardial precursors (arrows) are seen detached from the main populations in mutant embryos. (F–H) dhand expression in the
anterior LPM at the 17-somite (17.5 hpf) stage. Brackets indicate the width of the bilateral anterior LPM stripes. (F) Wild-type embryos show
broad stripes of dhand expression. (G and H) In nat mutants, the bilateral stripes of dhand expression are narrower and appear dysmorphic.
(I–K) Defects in myocardial and anterior endoderm morphogenesis appear to be independent. Anti-GFP (red) in cmlc2::GFP transgenic embryos
labels the myocardial precursors, while foxA2 expression (blue) marks the anterior endodermal sheet. (I) In wild-type embryos at 21 hpf, the
anterior endoderm forms a sheet that spreads across the midline, while the cardiac cone is positioned to the left of the midline. (J) In some
nat mutants, the anterior endodermal sheet fails to extend across the midline, while the myocardial cells have reached the midline. (K) Other
nat mutants exhibit normal endodermal morphogenesis, while the myocardial precursors have failed to migrate.
indicate that the morphogenetic defects in nat mutants mutants. While specification of endodermal cells is unaf-
fected in nat mutants (data not shown), subsequent mor-expand beyond the myocardial precursors but are re-
stricted to the anterior LPM. phogenesis of the anterior endoderm is sometimes de-
fective. foxA2 expression marks the anterior endoderm,As mutations in genes affecting endoderm formation
also exhibit myocardial migration defects (Schier et al., derivatives of which form the lining of the pharynx (Oden-
thal and Nu¨sslein-Volhard, 1998). In wild-type embryos1997; Alexander et al., 1999; Reiter et al., 1999; Kikuchi
et al., 2000), we assessed endoderm formation in nat at 21 hpf, the anterior endoderm forms an extended
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sheet across the midline with characteristic protrusions resulted in 20% of the injected embryos displaying the
nat phenotype (n  165).along the edges (Figure 2I). In some nat mutants, the
anterior endodermal sheet undergoes aberrant morpho-
genesis (Figure 2J). To examine the relationship be-
tween the endodermal and myocardial morphogenetic fn Expression Is Dynamic during Embryogenesis
The expression pattern of fn in zebrafish embryos isdefects in nat mutants, we assessed the endoderm
(foxA2) and the myocardial precursors (anti-GFP in complex and dynamic. Maternal message was initially
found in a diffuse pattern throughout the blastodermcmlc2::GFP transgenic embryos) in parallel by double
staining. We observed three classes of mutants: one (data not shown). By the 128-cell stage, the majority of
the maternal fn message is localized to the marginalwhere both endodermal and myocardial morphogenesis
were defective, others where endodermal morphogene- blastomeres which participate in the formation of the
yolk syncytial layer (YSL) (Figure 4A) (Kimmel and Law,sis occurred properly while myocardial migration was
defective (Figure 2K), and yet others where endodermal 1985). Zygotic expression of fn is initially detected at
the onset of gastrulation in the marginal blastomeresmorphogenesis was defective but the myocardial pre-
cursors reached the midline (Figure 2J). These data sug- (Figure 4B). As gastrulation proceeds, fn expression is
maintained in the deep layer of the embryo (Figure 4C).gest that the endodermal and myocardial morphogene-
sis defects are independent of one another. Expression analyses in embryos lacking endoderm sug-
gest that this expression pattern is mesodermal (data
not shown). At the onset of somitogenesis, fn expressionThe nat Locus Encodes Fn
is observed in the anterior LPM as well as the tailbudTo gain further insight into the nat phenotype, we iso-
(Figure 4D). This anterior LPM expression is maintainedlated the gene disrupted by the nat mutation. Using bulk
until the 10-somite stage (Figure 4E). Between the 11-segregant analysis (Postlethwait and Talbot, 1997), we
and 12-somite stages, fn expression is observed in amapped the nat locus to linkage group 9. Fine mapping
few cells more medially (Figure 4F). At this stage, fnwith 864 diploid embryos localized nat to a region of 2.9
expression also appears in the YSL around the yolkcM between the CA repeat markers z4168 and z99205.
extension and is maintained in the tailbud. The anteriorExamination of radiation hybrid maps revealed several
expression spans the midline by the 15-somite stageESTs in this region, including fn (Zhao et al., 2001). Be-
(Figure 4G). The medial expression of fn is maintainedcause Fn had been implicated in the morphogenesis
throughout the stages of myocardial migration to theof multiple tissues including the precardiac mesoderm
midline (data not shown). Examining transverse sections(Linask and Lash, 1988; George et al., 1993), we decided
shows that at the 10-somite stage, the fn expressingto test fn as a candidate for nat. We developed polymor-
cells are localized within the anterior LPM (Figure 4J),phisms in the 5 and 3 untranslated regions of fn and
while at the 15-somite stage, fn is expressed in twofound one and zero recombinant with nat in 864 diploid
layers of cells, as judged by nuclear staining, at theembryos, respectively (Figure 3A). Sequencing of the
ventral midline (Figure 4K).single tl43c allele of nat revealed an A to T (AAA→TAA)
To test the identity of the medial fn-expressing cells,transversion that introduces a premature translational
we examined fn expression in casanova (cas) and clochestop at codon 81 (Figure 3B). To confirm the presence
(clo) mutants which lack endodermal (Alexander et al.,of the A to T transversion at the genomic level, we used
1999) and endocardial (Stainier et al., 1995) cells, re-a restriction fragment length polymorphism generated
spectively. At the 15-somite stage, the expression of fnby the transversion to genotype nat mutants. We found
in cells medial to the LPM is absent in cas and clothat the transversion segregated with the nat phenotype
mutants (Figures 4H and 4I), suggesting that endoder-in all embryos examined (n  243).
mal and endocardial precursors are required for theTo further demonstrate that a defect in fn is sufficient
medial expression of fn.to cause myocardial migration defects, we examined
the ability of a morpholino antisense oligo (MO) designed
against fn to phenocopy nat. Injection of a fn MO into
Fn Deposition at the Midline Is Dispensablegenetically sensitized embryos led to myocardial migra-
for Myocardial Migrationtion defects as seen by pericardial edema (Figure 3D)
To understand the role of Fn in myocardial migration, weand cmlc2 expression (data not shown). Genetic sensiti-
examined its localization in the region where myocardialzation was achieved by reducing the maternal contribu-
migration occurs. At the start of myocardial migration,tion of fn through the use of heterozygous nat females
Fn is deposited laterally around the basal surface of theto generate embryos for the antisense-injection experi-
anterior LPM tubules. Fn deposition is also seen at thements. Heterozygous nat embryos are phenotypically
midline between the endoderm and the endocardial pre-wild-type. Reduction of maternal gene products through
cursors (Figures 5A and 5E). The position of the endocar-genetic sensitization has been used in morpholino anti-
dial precursors at the embryonic midline was confirmedsense experiments in which high levels of maternal ex-
by using a transgenic line that expresses GFP under thepression have been observed (Walsh and Stainier, 2001).
control of the promoter for the flk1 gene (Figure 5E;Using genetically sensitized embryos, we found that the
flk1::GFP), one of the earliest markers of all endothelium,percentage of injected embryos displaying the nat phe-
including the endocardium (Liao et al., 1997). The gener-notype is dose dependent. When injected with 9 ng of
ation and expression pattern of this transgenic line willthe MO, 10% of the injected embryos displayed the nat
phenotype (n 340). Doubling the concentration (18 ng) be described elsewhere (D. Beis, J. Chen, and D.Y.R.S.,
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Figure 3. The nat Locus Encodes Fn
(A) Genetic map of the nat region. Numbers below the CA repeat “z” markers indicate the number of recombination events seen in 864 diploid
embryos tested.
(B) Schematic diagram showing the modular structure of Fn. Fn consists of repeating modules of type I (purple), type II (green), and type III
(light blue) motifs and alternatively spliced exons (orange) and a variable (V) region (yellow). The tl43c mutation introduces a stop codon in
the first Fn type I motif (codon 81).
(C and D) Lateral views at 30 hpf, anterior to the left, of wild-type (C) and fn MO-injected (D) embryos. MO-injected embryos display pericardial
edema (arrowhead) and a flattened hindbrain (arrow) (see Figure 2B for nat phenotype).
unpublished data). Fn deposition surrounding the myo- absent (Liao et al., 1997) as confirmed by the lack of
flk1::GFP expression (Figure 5G). Interestingly, Fn depo-cardial precursors and between the endoderm and en-
docardial precursors becomes more prominent as mi- sition at the midline is also absent, while the myocardial
precursors are outlined by Fn deposition (Figure 5G).gration proceeds (Figures 5B and 5C).
To examine the consequence of the nat mutation on Projected views of confocal sections of clo mutants
reveal the complete absence of Fn fibrils at the midlineFn deposition, we analyzed Fn immunoreactivity in nat
mutants. In nat mutants, Fn immunoreactivity was com- while the laterally Fn deposition around the myocardial
precursors appears unaffected (Figure 5H). This resultpletely absent in the region of the embryo where myocar-
dial migration occurs (Figure 5D). We did occasionally indicates that the midline fn expression observed in
wild-type embryos (Figure 4G) corresponds to endocar-observe staining in the head mesenchyme but at dra-
matically reduced levels (data not shown), suggesting dial expression. In addition, this result provided us with
an opportunity to assess myocardial migration in thethat some functional Fn may be present in zygotic
nattl43c mutants. absence of Fn deposition at the midline. At the 20-somite
stage when the wild-type myocardial precursors haveTo further characterize the distribution of Fn, we pro-
jected confocal sections of wild-type embryos immuno- fused (Figure 5I), clo mutants exhibit a delay in myocar-
dial migration and appear similar to 18-somite stagestained for Fn. At the 16-somite stage in wild-type em-
bryos, we observed a uniform layer of Fn fibrils spanning wild-type embryos in which only the posterior myocar-
dial precursors have reached the midline (Figure 5J).the ventral side of the embryo (Figure 5F). As clo mutants
lack midline fn expression prior to myocardial migration However, by 28 hpf, the myocardial precursors in clo
mutants have reached the midline and formed a dilated(Figure 4I), we also assessed Fn deposition in these
mutants. In clo mutants, the endocardial precursors are linear heart tube (Figure 5L). Thus, an absence of Fn
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Figure 4. fn Expression Is Dynamic during
Embryogenesis
(A–G, J, and K) Expression of fn in wild-type
and (H and I) cas and clo mutants. (A–C) Lat-
eral views, animal pole to the top; except (C),
dorsal view. (D–I) Anteriodorsal views, out-of-
focus tailbud to the top. (J and K) Transverse
sections, dorsal to the top, counterstained
with nuclear fast red.
(A) Maternal message in the 128-cell embryo;
the majority of maternal message is localized
in the marginal blastomeres (brackets).
(B) At 60% epiboly, fn expression is seen in
the mesoderm.
(C) At 80% epiboly, fn expression is main-
tained in the mesoderm.
(D) At the 1-somite stage, fn expression is
seen in the bilateral stripes of the anterior
LPM as well as in the tailbud (out of focus;
arrow).
(E) At the 10-somite stage, fn expression is
maintained in the anterior LPM (brackets) and
tailbud (arrow).
(F) At the 12-somite stage, fn expression be-
comes patchy in the anterior domain of the
embryo (brackets), is maintained in the tail-
bud (arrow), and also appears in the YSL
around the yolk extension (arrowhead).
(G) By the 15-somite stage, expression be-
comes medially localized, spanning the mid-
line of the embryo (brackets).
(H and I) In cas (H) and clo (I) mutants, fn
expression in the medial domain is absent
(brackets), while the tailbud expression is un-
affected (arrow) at the 15-somite stage.
(J and K) Transverse sections show that at
the 10-somite stage, the fn-expressing cells
correspond to the anterior LPM, while at the
15-somite stage, fn is expressed in two layers
of cells at the ventral midline.
deposition at the midline is required for the proper tem- from some myocardial precursors while the basolateral
localization of -catenin appears relatively unaffectedporal regulation of myocardial migration but is dispens-
able for the migration process. (Figures 6D and 6D). Additionally, the cell shape differ-
ences between medial and lateral myocardial precur-
sors are no longer apparent. Altogether, these data sug-Fn Deposition Is Required for Junctional
gest that cell-substratum adhesion is required for theFormation and Epithelial Organization in the
maturation of the myocardial epithelia.Migrating Myocardial Precursors
In addition to aPKCs, we also examined localizationIn light of our observations that the myocardial precur-
of the junctional protein zonula occluden-1 (ZO-1), assors form polarized epithelia and that nat mutants ex-
well as cortical actin. In mature epithelial cells, phalloidinhibit cell adhesion defects, we examined the epithelial
staining highlights the apical actin-belt at the adherensorganization of the myocardial precursors in nat mu-
junctions (reviewed by Mitic and Anderson, 1998). Attants. At the 18-somite stage in wild-type embryos, the
the 20-somite stage, ZO-1 is localized to the lateralmyocardial epithelia show apicolateral aPKCs and baso-
membrane of the myocardial precursors (Figures 6E andlateral -catenin localization (Figures 6A and 6A). In nat
6E). Although actin shows an overlap with ZO-1 in themutants, aPKCs staining is absent in some myocardial
lateral membrane, it is also localized along the basalprecursors while aPKCs localization to the ventricular
side of the myocardial precursors (Figures 6E and 6E″).surface of the neural tube appears unaffected. The mu-
In nat mutants, ZO-1 staining is absent or strongly re-tant myocardial epithelia are also further apart and vari-
duced in the myocardial precursors, while phalloidinably disorganized (Figures 6B and 6B). By the 20-somite
staining appears heightened and is no longer restrictedstage in wild-type embryos, the myocardial epithelia show
to the basolateral domain (Figures 6F and 6F″). The lossdistinct apicolateral aPKCs and basolateral -catenin
of aPKCs and ZO-1 staining in some myocardial cellslocalization as well as cell shape differences between
in nat mutants indicates that Fn deposition is requiredmedial and lateral cells (Figures 6C and 6C). In nat
mutants, apicolateral aPKCs localization is still absent for proper junctional formation and/or maintenance in
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Figure 5. Fn Deposition at the Midline Is Dispensable for Myocardial Migration
(A–D) Transverse sections of cmlc2::GFP (false colored blue) and (E and G) flk1::GFP (false colored blue) transgenic embryos immunostained
for -catenin (red), Fn (green) in wild-type (A–C, E), nat (D), and clo (G) mutants at the 16-, 18-, and 20-somite stages; dorsal to the top.
(F and H) Projected views of confocal sections collected from (E) and (G) of Fn immunostaining (white), tilted 45 in the Z axis. The positions
of the neural tube and myocardial precursors are outlined by white and green dashed lines, respectively. (I–L) cmlc2 expression in wild-type
(I and K) and clo mutants (J and L) at the 20-somite and 28 hpf stages.
(A) At the 16-somite stage, Fn is deposited around the myocardial precursors and at the midline between the endoderm and endocardial
precursors (blue in [E]). Fn deposition is also seen in the head mesenchyme and lining the basal side of the nonneural ectoderm (green ar-
rowhead).
(B and C) By the 18- and 20-somite stages, Fn deposition appears around the myocardial epithelia, on the ventral side of the anterior endoderm
(arrow), and around endocardial precursors (arrowhead).
(D) In nat mutants, Fn immunoreactivity is completely absent.
(E) In flk1::GFP transgenic embryos, the endocardial precursors (falsed colored blue; arrows) are at the midline between the myocardial
precursors that are outlined by Fn immunostaining (green; arrowhead).
(F) Projected view of Fn immunostaining in wild-type embryos shows a uniform layer of Fn fibrils spanning the ventral side of a 16-somite
stage embryo.
(G) In clo mutants, the endocardial precursors are absent as well as the midline Fn deposition (arrows); however, Fn deposition around the
myocardial precursors (arrowhead) appears unaffected.
(H) Projected view of Fn immunostaining in clo mutants shows a complete absence of Fn fibrils at the midline.
(I) At the 20-somite stage, wild-type myocardial precursors have fused.
(J) In clo mutants, migration of the myocardial precursors is delayed.
(K) In wild-type embryos at 28 hpf, the myocardial precursors have formed a linear tube.
(L) In clo mutants by 28 hpf, the myocardial precursors have formed a dilated linear heart tube. The dilation of the clo mutant heart is
likely due to the lack of endocardial cells. clo mutants were presorted based on the absence of flk1::GFP expression in the endocardial-
endothelial precursors.
the myocardial precursors. This defect in adherens junc- Fn deposition at the midline is not required for myocar-
dial migration. However, Fn is required for the matura-tion formation may account for the adhesion phenotype
revealed when examining cmlc2 expression (Figures 2D tion of the myocardial epithelium, which in turn appears
to be critical for its migration.and 2E).
Discussion Epithelial Maturation, Cell-Substratum Adhesion,
and Migration
In this study, we show that the myocardial precursors We observed distinct phases in the polarization of the
form polarized epithelia during their movement to the myocardial precursors during their migration to the
midline, indicating that myocardial cells migrate as co- midline. Initially, the adherens junction proteins aPKCs
herent populations. From mutant analyses, we show segregate to the apical membrane and points of cell-
that the zebrafish nat gene, which encodes Fn, regulates cell contacts (Figures 1A and 1D). In mammalian cells,
aPKCs are one of the last junctional components re-the morphogenesis of anterior tissues, including that of
the myocardial precursors and pharyngeal endoderm. cruited to points of cell-cell contact (Suzuki et al., 2002).
Thus, the enrichment of aPKCs at the point of cell-cellInterestingly, nat also appears to regulate myocardial
cell-cell adhesion. From mutant analyses, it appears that contacts in the myocardial precursors at the start of
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Figure 6. Fn Deposition Is Required for Junctional Formation and Epithelial Organization in the Migrating Myocardial Precursors
Transverse sections of cmlc2::GFP (false colored blue) transgenic embryos of wild-type (A, C, and E) and nat mutants (B, D, and F) at the
18- and 20-somite stages, immunostained for aPKCs (green) and -catenin (red) (A–D) or ZO1 (green) and actin (rhodamine-phalloidin) (E and
F); dorsal to the top. (A, B, C, D, E, E″, F, F″) Magnified views of the lower right corner of (A)–(F), respectively.
(A and A) At the 18-somite stage, the myocardial epithelia show apicolateral localization of aPKCs and basolateral localization of -catenin.
(B and B) In nat mutants, aPKCs staining is absent in some myocardial precursors (arrowhead).
(C and C) At the 20-somite stage, the medial myocardial precursors are columnar with prominent apicolateral localization of aPKC, while the
lateral cells are cuboidal. -catenin is localized to the basolateral domain.
(D and D) In nat mutants, aPKCs staining is absent from some myocardial precursors (arrowhead), while -catenin localization appears
relatively unaffected. Additionally, the cell shape difference between medial and lateral myocardial precursors is no longer apparent.
(E, E, and E″) At the 20-somite stage, ZO-1 is localized to the lateral domain of the myocardial epithelia (E, ZO-1 only), while actin staining
is restricted to the basolateral domain (E″, actin only).
(F, F, and F″) In nat mutants, ZO-1 staining is absent (arrowhead) or reduced in the myocardial precursors (F, ZO-1 only), while actin appears
heightened and is no longer restricted to the basolateral domain (arrow) (F″, actin only).
myocardial migration indicates that the myocardial pre- of the actin-belt at adherens junctions in epithelial cells.
The basal distribution of actin has not been reported incursors are forming coherent immature epithelia at these
stages. As myocardial migration proceeds, aPKCs be- mature epithelia and may reflect the migratory behavior
of the myocardial cells. Actin polymerizes at sites ofcome restricted to the apical domain of the lateral mem-
branes. This localization occurred concurrently with the cell-substratum interactions forming focal adhesion
complexes in migratory cells (reviewed by Huttenlochersegregation of -catenin to the basolateral membranes
(Figure 1G). Similar steps in the maturation of a polarized et al., 1995). Thus, it will be interesting to investigate
whether the basal membranes of the migrating myocar-epithelium have been observed in multicellular epithelial
cysts in culture (Wang et al., 1990). Our phenotypic anal- dial precursors are sites of focal adhesions.
Recently, Fn has been implicated in branching mor-yses indicate that cell-substratum interactions mediated
by Fn regulate epithelial maturation of the myocardial phogenesis during salivary gland formation and pro-
posed to be involved in the conversion of cell-cellprecursors. In nat mutants, we observed defects in ad-
herens junction clustering. However, in the basolateral adhesion to cell-matrix adhesion (Sakai et al., 2003).
Specifically, lack of Cadherin colocalization with Fn anddomain, actin localization expanded while -catenin ap-
peared relatively unaffected. Thus, loss of cell-substra- RT-PCR data were presented to argue that binding to
Fn leads to a local loss of Cadherins at cell-cell junctions.tum adhesion does not appear to cause a complete loss
of epithelial polarity. In summary, our data suggest that This model appears to be different from our genetic
observations that Fn is required for the maturation ofFn provides a cue important for establishing cellular
asymmetry in the migrating myocardial precursors. epithelial polarity and cell-cell junctions. The apparent
discrepancy between these two models of Fn functionAt the stages we observed localization of junctional
proteins to points of cell-cell contacts, we also observed may be due to differences between branching mor-
phogenesis and epithelial cell migration and suggestsmigratory cell behavior in the medial cells of the myocar-
dial precursors (Figures 1K and 1L). These observations that Fn may have tissue-specific regulatory roles within
the embryo.suggest that the myocardial precursors are migrating
to the midline as cohesive populations. In addition, we
observed actin localization to the basolateral mem- Epithelial Maturation and Differentiation
During the stages of migration, we observed a matura-brane. The lateral distribution of actin appears to colo-
calize with ZO-1, which is consistent with the localization tion of the myocardial epithelia that was characterized
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by an increase in polarization of cell junctional proteins Fn and Myocardial Migration
Our phenotypic studies of the nat mutant indicate thatas well as cell shape changes. The maturation of the
myocardial epithelia may be part of the differentiation Fn is required for the morphogenesis of the anterior
LPM, myocardial precursors, and anterior endoderm.process as studies of cardia bifida mutants indicate that
migration of the myocardial precursors is coupled to However, we did observe variation in these phenotypes.
One possible explanation for the variation in phenotypedifferentiation. Mutations in hand2 and gata5 result in
severe myocardial differentiation defects and cardia bi- is the contribution of maternal fn. Two lines of evidence
argue against this possibility. First, MZnat mutants thatfida (Yelon et al., 2000; Reiter et al., 1999). It is of interest
to note that the anterior LPM of nat mutants which ap- gastrulate do not exhibit a more severe myocardial mi-
gration defect (Supplemental Figures S1B and S1Cpears compact and dysmorphic is similar to that of han
mutants (Yelon et al., 2000). It will be interesting to exam- [http://www.developmentalcell.com /cgi /content/full/6/
3/371/DC1]). Second, we observed differences in theine whether the maturation of the myocardial epithelia
occurs properly in hand2 and gata5 mutants and level of disorganization between the two sides of the
myocardial epithelia within a single mutant embryo (Fig-whether these differentiation genes might also regulate
epithelial maturation. ures 5D and 6B). This variation between the two sides
of the myocardial epithelia is not due to residual Fn asWe observed cell shape differences between the me-
dial and lateral cells of the migrating myocardial epithe- we did not detect Fn deposition around the myocardial
precursors in these embryos (Figure 5D). Thus, addi-lia. Gene expression studies during the migration stages
indicate that the ventricular and atrial precursors are tional regulators of myocardial epithelial organization
may be modifying the nat phenotype. This hypothesispositioned in a medio-lateral pattern (Yelon et al., 1999).
The cell shape differences may reflect the differentiation is consistent with observations in mouse where the Fn
null phenotype is highly dependent on genetic back-process by which the myocardial precursors segregate
into ventricular and atrial cells. In nat mutants, while we ground (George et al., 1997).
In chick, it has been proposed that a gradient of Fnobserved a loss in cell shape differences, the ventricular
and atrial cells appear to differentiate normally as as- at the interface between the endoderm and mesoderm
provides a directional substrate for myocardial migra-sessed by examining chamber-specific antigens (data
not shown). This result suggests that in nat mutants the tion (Linask and Lash, 1986). We observed Fn deposition
at the midline on the ventral side of the endoderm, whichcell shape differences and the segregation of ventricular
and atrial cells may be uncoupled. However, the cell may be providing a substrate for migration. However,
by immunohistochemistry we did not detect a differenceshape defects observed in nat mutants is consistent
with our finding that actin is mislocalized in the migrating in the mediolateral distribution of Fn fibrils. Furthermore,
the ability of clo mutants to undergo medial migrationmyocardial precursors (Figures 6F and 6F). Cell-sub-
stratum adhesion mediated by Fn-Integrin interactions in the absence of Fn deposition at the midline indicates
that in zebrafish the myocardial precursors are not mi-has been shown to regulate the actin cytoskeleton lead-
ing to changes in cell shape (Bloom et al., 1999). The grating toward an increasing concentration of Fn at the
lack of morphological differences between medial and midline. Additionally, we have collected data indicating
lateral myocardial precursors in nat mutants may result that Fn alone is not sufficient to direct myocardial migra-
from the defect in actin cytoskeleton rearrangement. tion in the absence of endoderm. Specifically, we found
that Fn deposition is present at the midline of embryos
lacking endoderm, yet myocardial migration does notFn and Gastrulation
Fn has been implicated in the early morphogenesis of occur in these embryos (data not shown). These data
argue against an instructive role for Fn in myocardiala variety of vertebrate embryos. In amphibian embryos,
antibody and RGD peptide blocking experiments have migration to the midline.
We also observed Fn deposition around the myocar-implicated Fn in gastrulation movements (Boucaut et
al., 1984; Howard et al., 1992; Ramos and DeSimone, dial precursors. In the absence of Fn deposition, the
myocardial precursors exhibit defects in cell adhesion1996). More specifically, the Fn matrix is thought to play
a role in the radial intercalation and epiboly movements and epithelial organization. Moreover, in clo mutants
in which Fn deposition is absent from the midline butof cells in the blastocoel roof of Xenopus embryos (Mars-
den and DeSimone, 2001). However, Fn null mouse em- unaffected around the myocardial precursors, epithelial
organization occurs properly (data not shown, Figurebryos do not exhibit gastrulation defects (George et al.,
1993). We also did not observe any gastrulation defects 5G). Similarly, in the absence of endoderm, Fn deposi-
tion around the myocardial precursors and epithelialin nat mutants, but found that fn is provided maternally,
which may be sufficient for cell movements during gas- organization of the myocardial precursors are unaf-
fected (data not shown). These data indicate that thetrulation. The tl43c allele is temperature sensitive and
exhibits a low penetrance of the mutant phenotype at epithelial organization defects in nat mutants are not due
to a secondary effect of lacking midline Fn. It remained22C (see Experimental Procedures). We have taken
advantage of the low penetrance at 22C to raise homo- possible that in nat mutants the endodermal morpho-
genesis defects might in turn affect myocardial morpho-zygous nat mutant adults. Initial observations of mater-
nal-zygotic nat (MZnat) mutants suggest that Fn also genesis. However, we examined endoderm develop-
ment in nat mutants and found that while it is sometimesparticipates in gastrulation movements in zebrafish
(data not shown). Thus, it will be interesting to further defective, the occurrence and severity of this defect did
not correlate with the defect in myocardial migrationcharacterize these gastrulation defects and determine
whether Fn also regulates cell-cell junctions during gas- (Figures 2J and 2K). In addition, the occurrence in nat
mutants of single myocardial cells that have migratedtrulation.
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